Abstract -We report on the anomalous bias dependence of tunneling magnetoresistance (TMR) in (CrO2/SnO2/Co)-based magnetic tunnel junctions as a function of barrier thickness. For a relatively thin SnO2 barrier, the TMR is asymmetric and exhibits sign reversal at a specific bias voltage with varying thickness due to defect mediated resonant tunneling. On the other hand, diffusive transport dominates for sufficiently thick SnO2 barriers, and a diverging TMR is observed close to zero bias.
surface layer serving as a natural barrier [5] . An inverse TMR of −8% has been observed in CrO 2 /Co MTJs at 5 K [5] . Inverse TMR corresponds to a negative sign of the resistance change, i.e., the resistance of the junction with P alignment of the magnetic electrodes is higher than for AP alignment. The negative sign of the resistance change in CrO 2 /Co MTJs has been attributed to the tunneling being dominated by negatively polarized d-like electrons due to predominantly sdσ bonding at the interface [6] [7] [8] .
In order to better control the spin orientation during the tunneling process and thereby enhance the TMR, we have developed a chemical vapor deposition (CVD) technique for heteroepitaxial growth of CrO 2 /SnO 2 thin films on (100)-oriented TiO 2 substrates, with all of them possessing the rutile structure. With epitaxial SnO 2 as the barrier layer and polycrystalline Co as a counter-electrode, a positive TMR as high as 14% has been observed in the junctions at 5 K [8] . High-resolution STEM cross-sectional Z-contrast images of CrO 2 /SnO 2 heterostructures indicate that the typical Cr 2 O 3 layer, which is naturally formed on the CrO 2 surface, is absent after SnO 2 deposition. This is possibly because of its transformation to the rutile structure during growth of the SnO 2 layer [8] . A similar behavior has been observed for CrO 2 /RuO 2 structures, where RuO 2 deposition eliminates the natural barrier on as-deposited CrO 2 films [4] . In this letter, we report on the observation of an anomalous bias dependence in CrO 2 /SnO 2 /Co MTJs as a function of the SnO 2 barrier thickness. A dramatic change in the magnetotransport 47006-p1 characteristics from resonant TMR reversal behavior to a divergence of TMR at zero bias occurs in going from the ballistic (thin barrier) to the diffusive (thick barrier) transport regime. The latter corresponds to an electromotive force being generated on switching the relative magnetic moments of the CrO 2 and Co electrodes in the MTJ from P to AP alignment.
We deposited the epitaxial CrO 2 /SnO 2 heterostructures by CVD on single crystal (100)-oriented TiO 2 substrates. Prior to loading into the furnace, the TiO 2 substrates (5 × 5 mm 2 ) were cleaned with organic solvents and dilute HF solution. The CrO 2 and SnO 2 layers were grown sequentially using CrO 3 and SnI 4 as precursors, respectively, with pure oxygen as the carrier gas. For optimal growth of the heteroepitaxial structures, the substrate temperature was maintained at 400
• C and 350
• C during the growth of the CrO 2 and SnO 2 layers, respectively. The top Co electrode was then deposited at room temperature in a separate chamber by magnetron sputtering. For the present study, the thicknesses of the bottom CrO 2 (100 nm) and top Co (50 nm) electrodes were kept fixed, while the SnO 2 barrier layer thickness was systematically varied. Standard optical lithography was used to fabricate MTJs using the trilayer structures with a junction area of 15 × 3 µm 2 . DC conductance was measured using the standard four-terminal method, while the AC conductance was determined by adding a small AC voltage modulation (∼1 mV, 80 Hz) to the junction and simultaneously recording dV across the junctions and dI across a series resistor. The second derivative, d
2 I/dV 2 , was then mathematically obtained by differentiating the dI/dV conductance curve. In the following, we define the polarity of the bias voltage with respect to the top Co electrode.
We begin by describing the transport properties of junctions when the SnO 2 barrier is sufficiently thin such that the transport is predominantly ballistic. An asymmetric bias dependence of the TMR is seen in fig. 1 for a MTJ with 1.7 nm thick barrier. The junction exhibits a rapid TMR drop with applied bias voltage, which is suggestive of the presence of spin flipping scattering centers both inside the barrier and across the interfaces [9] . Impurities are considered responsible for scattering inside the barrier, with the two primary scattering sources being Cr ions and oxygen vacancies. The former results from possible atomic-scale intermixing/diffusion at the SnO 2 /CrO 2 interface, while the latter is known to occur naturally in SnO 2 -resulting in its semiconducting properties-as has also been theoretically confirmed from band structure calculations [10] . A consequence of the existence of impurity levels within the barrier is the occurrence of resonant TMR reversal with applied bias voltage, as seen in fig. 1 , that can be attributed to the existence of impurity states within the barrier [11] [12] [13] . Depending on the barrier thickness, the TMR reversal occurs at a different bias voltage (between 250 and 400 mV DC). A natural generalization of the resonant tunneling model proposed by Tsymbal et al. [12] is that if the impurity energy levels are not pinned to one of the electrodes, i.e., they are permitted to float with the applied bias due to the distribution of electrostatic potentials, then a TMR reversal will occur when the applied bias voltage exceeds a specific threshold in the negative-bias regime. Indeed, we have observed TMR reversals for both positive-and negative-bias voltages utilizing the AC measurement method ( fig. 2 ), even though only one reversal at much higher bias is observed using the DC method. This can be understood 47006-p2 based on the fact that the dynamic AC measurement probes the conductance at the Fermi level while the DC measurement accounts for the cumulative conductance below the Fermi level. The different reversal voltages in the positive-and negative-bias range results from the asymmetric positioning of the impurity levels inside the barrier.
The primary source of spin flipping at the interfaces is from magnon excitations. Magnons are collective spin wave excitations, and high-energy electrons can relax to the Fermi level by emitting a magnon that carries away the excess energy. Magnon excitations can be readily inferred from inelastic tunneling spectrum (IETS) measurements, for example, as demonstrated in Al 2 O 3 and MgO-based MTJs [14] [15] [16] . Figure 3 shows the magnon excitations in the forward and reverse bias regimes. Because of the half-metallic nature of CrO 2 , spin flipping processes are largely forbidden in the bulk, and magnon excitation is thus far weaker than in the counterpart ferromagnetic Co electrode of the tunnel junction. Clear asymmetry in the magnon strength can be observed in fig. 3 . Since magnons have spin 1, the magnon-assisted tunneling process also leads to spin flipping and is thus detrimental to the TMR effect. The TMR decays much faster in the negative-biased as compared to the positive-biased branch, which is yet another signature that the magnon spectra differ dramatically in the CrO 2 and Co electrodes. If CrO 2 is fully half-metallic as predicted, the one-magnon process is expected to be completely suppressed and the only available route will be higher-order two-magnon processes [17] . This should result in more pronounced differences in the spectra as compared to the Co electrode. However, we expect the system to be further complicated by the existence of additional spin states, for example Cr
3+
and Co 2+ , at the interfaces which provide additional spin flipping sites that contribute to TMR reduction.
Next we examine the bias dependence in MTJs with thicker barriers that clearly exhibit a diffusive characteristic. The semiconducting properties of the barrier and the half-metallic nature of the electrode combine to yield a unique bias dependence for the system. Figure 4 shows the bias dependence of a junction with 4 nm thick SnO 2 barrier. The MR diverges at low bias and -within the detection limit of the system-essentially approaches infinity close to zero bias. The much more pronounced asymmetry in the conductance curve ( fig. 4, inset) indicates the existence of charge transfer between the metal and the semiconductor layer, although the formation of an actual Schottky barrier is considered unlikely for a layer that is only 4 nm thick. Such a diverging MR behavior likely originates from a spin-dependent voltage shift across the semiconducting barrier. Figure 5 shows the voltage measured across the junction with sweeping an external magnetic field, but with no net flow of current (achieved by directly connecting the junction to a high-impedance nanovoltmeter). Two clearly distinguishable voltage states are observed, corresponding to the P and AP spin configurations. With varying SnO 2 thickness, the MTJ resistance displays a striking deviation from exponential dependence above 2 nm ( fig. 5, inset) , which indicates that the nature of charge transport changes from being mostly single step tunneling (ballistic) to multistep hopping (diffusive) with increasing barrier thickness. For each barrier thickness, we have checked a number of junctions with areas covering a range from 5 × 1 µm 2 up to 140 × 28 µm 2 , and the voltage shift is found to be independent of the junction area as well as the junction impedance. On the other hand, the observed voltage shift is strongly dependent on the SnO 2 barrier thickness ( fig. 5, inset) .
In order to rule out possible complications from our processing and measurement setup, we performed a similar measurement on (CoFeB/MgO/CoFeB)-based MTJs, with the junction impedance chosen to closely match the previously described MTJs, and the junction TMR (∼ 200% at 10 K) to be much larger. The MgO-based MTJs are patterned using the same lithographic process and tools, and measured with the same cryostat/electronics at the same temperature. Such a control experiment is designed to eliminate the possibility of voltage shift caused by electronic devices and/or grounding: if these are the cause, the MgO junctions should yield much higher-voltage responses with the sweeping of magnetic field. As expected, no spin-dependent voltage shift (within the noise level) has been observed in the MgO samples, which assures that the effect is not directly related to the TMR effect or measurement artifacts. To further rule out possible artifacts arising from contact voltages in the DC measurement setup, we have performed AC measurements on our samples, and the diverging nature of MR is again well captured as shown in fig. 4 . Due to the modulation broadening of the signal, the AC MR does not actually approach infinity as in the case of DC MR, instead, a very sharp step-like turnover occurs in the zero bias region. The MR reversal can again be seen at slightly higher biases.
Our results provide strong evidence that besides quantum tunneling, there are other mechanisms cross linking the electrons' spin and charge degrees of freedom, leading to the observed spin-dependent voltage shift across the barrier. We hereby attempt to identify the possible origin of the observed effect. Firstly, this effect is established at equilibrium, therefore conventional active spin pumping mechanisms, such as spin battery or spin injection [18] [19] [20] , are considered unlikely to be the cause of the observed phenomena. Secondly, the observed effect varies dramatically with temperature. A closely related phenomenon is the giant magneto-thermoelectric power [21] predicted in MTJ structures with magnon-assisted transport process. In FM/I/FM systems, the thermoelectric coefficient becomes spin dependent, and the difference between P and AP configurations can be as large as 55 µV/K when half-metallic electrodes are used [21] . However, similar to other thermally activated processes, the magnon assisted process is predicted to actually increase with temperature. In addition, even though the temperature across the junction may be nonuniform, it is difficult to envision a temperature drop of 1 K across a barrier as thin as a few nm. Another possible cause of the observed phenomenon is some sort of magnetoelectric effect in the barrier layer, or at the interfaces [22] . While SnO 2 is not known to exhibit a magnetoelectric behavior, Cr 2 O 3 is one of the first materials that was theoretically predicted [23] and experimentally confirmed [24] to be magnetoelectric, with its internal dipolar electric field directly coupled to its magnetic orientation. Though a nonvolatile voltage shift can in principle be generated this way, with possible Cr 2 O 3 present at the CrO 2 /SnO 2 interface, the expected magnitude is very small even with a perfect Cr 2 O 3 layer.
We are presently unable to conclusively identify the origin of the observed spin-dependent voltage shift. An important concept of "spin battery" in MTJ structures was theoretically proposed [25] and experimentally demonstrated recently [26] . Although our device was not intentionally designed for this purpose, we believe 47006-p4 that the observation of an electromotive force induced by a static magnetic field in magnetic tunnel junctions containing MnAs quantum nanomagnets [26] is related to the spin-dependent voltage shift we observe in CrO 2 -based MTJs. However, there is a significant difference in our experimental observation. The voltage shift persists in zero applied field, with two clear remnant states achievable when the FM layers are aligned in the P and AP states. In the absence of field-induced Zeeman energy, we need to identify other source(s) of spin energy accessible in our system.
Since the phenomenon appears to be related to the diffusive character of transport, we speculate that the underlying mechanism for the phenomenon may be analogous to that leading to Schottky barrier formation between a metal and a semiconductor. On the side of the halfmetal, any spins diffusing across the barrier will be immediately flipped in the strong exchange field unless they are of the correct orientation. We speculate that the spin energy likely originates from the intrinsic exchange field, which has a large energy reservoir. We do not observe any significant decay in the induced voltage over a typical time scale of 30 minutes, with both open-circuit and closed-circuit (with a 10 kΩ resistor in series) configurations. The released exchange energy is normally carried away by magnons, yet this energy dissipation channel is virtually forbidden in half-metals. The spin conversion is thus constrained to appear in the form of an electromotive force. For example, it has been theoretically predicted that the conversion of a spin current from a halfmetal to an unpolarized current in a normal metal indeed introduces an electrochemical potential difference between spin-up and spin-down electrons [27] . This suggests that higher temperatures will be detrimental to the observed phenomenon because of the introduction of additional spin flipping channels, as is indeed observed. In addition, a diffusive media is necessary for transport. In perfect tunnel barriers (such as in our MgO-based control junctions), no spin imbalance is possible due to the absence of available states. On the other hand, in fully metallic systems, the chemical potential shift due to spin diffusion [28] [29] [30] can be observed using the nonlocal detection geometry, and the spin signal (∼P 2 /σ) naturally increases by combining a half-metal (high spin polarization P ) and semiconductor (low conductivity σ). Since the process relies on natural spin diffusion, the two ferromagnetic electrodes have to be placed very close to each other (∼nm) in such a nonlocal geometry in order for the spin analyzer to be coupled to the spin source.
In summary, we have studied the bias dependence in MTJs based on half-metallic CrO 2 electrode and epitaxial SnO 2 barrier layer. With thin barriers, impurity-mediated resonant tunneling gives rise to TMR reversals at certain bias voltages; while with thicker barriers, the diffusive nature of the transport results in a spin-dependent electromotive force, which is manifested as a diverging MR at zero bias. * * * We thank W. Butler and P. LeClair for useful discussions and suggestions. This research was supported by NSF MRSEC Grant No. DMR-0213985. GXM acknowledges support in part by the NSF under Grant No. DMR-0605966 and by the JHU MRSEC (NSF DMR-0520491).
